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ABSTRACT 



We present All-Sky Automated Survey data starting 25 days before the discov- 
ery of the recent type Iln SN 2010jl, and we compare its light curve to other lumi- 
nous Iln SNe, showing that it is a luminous (Mj w —20.5) event. Its host galaxy, 
UGC 5189, has a low gas-phase oxygen abundance (12 + log(0/H) = 8.2 ±0.1), 
which reinforces the emerging trend that over-luminous core-collapse supernovae 
are found in the low-metallicity tail of the galaxy distribution, similar to the 
known trend for the hosts of long GRBs. We compile oxygen abundances from 
the literature and from our own observations of UGC 5189, and we present an 
unpublished spectrum of the luminous type Ic SN 2010gx that we use to esti- 



mate its host metallicity. We discuss these in the context of host metallicity 
trends for different classes of core-collapse objects. The earliest generations of 
stars are known to be enhanced in [O/Fe] relative to the Solar mixture; it is 
therefore likely that the stellar progenitors of these overluminous supernovae are 
even more iron-poor than they are oxygen-poor. A number of mechanisms and 
massive star progenitor systems have been proposed to explain the most lumi- 
nous core-collapse supernovae. Any successful theory that tries to explain these 
very luminous events will need to include the emerging trend that points towards 
low-metallicity for the massive progenitor stars. This trend for very luminous 
supernovae to strongly prefer low-metallicity galaxies should be taken into ac- 
count when considering various aspects of the evolution of the metal-poor early 
universe, such as enrichment and reionization. 



department of Astronomy, The Ohio State University, 140 W. 18th Ave., Columbus OH 43210 
2 Carnegie Observatories, 813 Santa Barbara Street, Pasadena, CA 91101 
3 Hubble and Carnegie-Princeton Fellow 

4 Center for Cosmology and AstroParticle Physics, The Ohio State University, 191 West Woodruff Avenue, 
Columbus OH 43210 

5 Warsaw University Astronomical Observatory, Al. Ujazdowskie 4, 00-478 Warsaw, Poland 



-2- 



Introduction 



The bright SN 2010jl, discovered on UTC 2010 November 3.5 flNewton fc Puckettll2010h 
was classified as a type Iln supernova (IBenetti et al.ll2010l ; lYamanaka et al.ll2010[). A possible 



lumino us blue progenitor has been identified in archival HST WFPC2 data ( jSmith et al. 



2010b|). If this detection is of a massive compact cluster, the turnoff mass is constrained to 
be > 30 M Q . If it is a single star, it is either a massive i] Carinae-like star or something 
fainter that has been caught in an LBV-like eruption phase, possibly a precursor explosion. 
Spectropolarimetric observations indicate possible asym metry in the explos ion geometry and 
limit the amount of dust in the progenitor environment (IPatat et al.ll2010l ). 



Prieto &: Stanekl ( 120101 ) point out that the supernova's host galaxy, UGC 5189, has 



been shown to be metal-poor based on a spectrum obtained by t he SPSS survey a few 
arcseconds away from the site of the supernova. It is included in the iTremonti et al.l (120041 ) 
DR4 catalog of galaxy metallicities, which estimates 12 + log(0/H) = 8.15 ± 0.1 dex based 



on str ong recombination and forbidden emission lines in the spectrum. iPilyugin &: Thuan 
( 120071 ) estimate 12 + log(0/H) = 8.3 dex from the same spectrum based on the "direct" 
photoionization-based abundance method using an estimate of the electron temperature 
(T e ) from the [O III]A4363A auroral line. 

Throughout this paper, as above, we will adopt O/H as a proxy for the "metallicity" 
of the host galaxy, because only gas-phase oxygen abundance estimates are available. In 
Section H] we will discuss how this relates to total metal abundance and iron abundances. 

There is mounting evidence showing that the majority of the most optically luminous 
supernovae explode in low-luminosity, star-forming galaxies, which are likely to be metal-poor 
environments. Circumstantial evidence comes from the fact that most of these objects have 
been discovered in new rolling searches that are not targeted to bright galaxies, even though 
they were bright enough to be discovered in galaxy-targeted searches (the only exception 
is the recently discovered SN 2010jl). Some of the rolling searches that are discoverin g the 
most energetic supernovae include the Texas S upernova Search ( TSS; iQuimbyl 120061 1 . the 
Catalina Real- Time Transient Survey (CRTS; iDrake et al.l 120091 ). the Palomar Transient 



Factory (PTF; iRau et a 



2009 j), and the Panoramic Survey Telescope & Rapid Response 



et al . (2010) find that luminous SNe occur predominantly in 



System (Pan-STARRS). [Neil 
the faintest, bluest galaxies, 
smaller, less-luminous, later-type galaxies than SNe II-P. The mass-metallic ity relationship 



Li et al. (j2010 ) find that SNe Iln may preferentially occur in 



impli es that such small, faint galaxies should tend to be low-metallicity (ITremonti et al. 
20041 ). 



Kozlowski et al 



(120101 ) presented the first host galaxy luminosity vs. oxygen abundance 
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diagram with a small sample of three energetic type Iln and type Ic core-collapse supernovae 
(CCSNe) compiled from published work in the literature (two objects) and new data for 
SN 2007va. These initial results suggest that the host galaxy environments of the most 
energetic CCSNe are on average metal-poor (metallicities ~ 0.2 — 0.5 Z@) compared to 
the bulk of s tar-forming galaxie s in SDSS, and are similar in metallicity to the hosts of 
local GRBs ( jStanek et al.l 120061 ) . It has no w been well-establis hed that long GRBs are 
accompanied by broad-line type Ic SNe (e.g. IStanek et al.l 120031 ) . firmly connecting these 
very energetic explosions to the deaths of massive stars. In contra st, luminous type Hn 



SNe are not show n to be connected with local GRBs (although see iGermany et al. 



2000 



Rigon et al.l 120031 ). The sample of luminous supernovae with measured abundances is small 
and incomplete because only some of the brightest host galaxies have been targeted, which 
hinders the interpretation and comparison of the results. 

In this paper we expand this sample with metallicities of the hosts of SN 2010gx and 
SN 2010jl and put all metallicity measurements on a common scale to confirm the emerging 
trend that these optically luminous core-collapse events appear to occur in low-metallicity 
or low-luminosity hosts. 



2. Observations 



2.1. Photometry 



Photometric data were obtained with t h e 10-cm All-Sky Au tomated Survey (ASAS) 



North telescope in Hawaii (jPojmanskil l2002t iPigulski et al. 



cessed with the reduction pipeline described in detail in iPoimanskil (11 998. 



2009). These data were pro 



magnitudes ar e tied to the Johnson V scale using Tycho (jHog et al.l 120001 ) and Landolt 



(ILandolt 



2002). The V 



1983) standard st ars. The I magnitudes were calibrated using transformed SDSS 



DR7 (lAbazajian et al.ll2009l ) magnitudes of standards in the field. The magnitudes were mea- 
sured using aperture photometry with a 2 pixel (30 arcsec) aperture radius. We subtract the 
contribution from the host galaxy measuring the median magnitude of the host in the same 
aperture using all archival ASAS images before the supernova, which give Vh os t — 14.97 mag 
and I host = 14.28 mag. 

We obtained UBVRI images of SN 2010jl with the SITe-3 CCD camera mounted on 
the Swope 1-m telescope at Las Campanas Observatory on three consecutive nights from UT 
November 15 — 17 2010. The images were reduced with standard tasks in the IRAF0 ccdproc 



1 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Asso- 
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package. The data were flat-fielded using domeflats obtained for BVRI images and twilight 
skyflats for Z7-b and images. We ap plied a linearity correction using the prescription and 
coefficients from lHamuy et al.l (120061 ). The photometry of the supernova was obtained using 
aperture photometry and a 2" radius aperture with the phot task in IRAF. The magnitudes 
were calibrated using field stars with SDSS DR7 ugriz photometry, converted to standard 
UBVRI magnitudes through standard equations on the SDSS website. We subtracted the 
contribution from the host galaxy fluxes measuring the magnitudes in the same aperture 
using the pre-explosion SDSS images. In Tabled] we gather all optical photometry presented 
in this paper. 



2.2. Spectroscopy 



Spectra were obtained on N ovember 5 and November 11 2010 with the Ohio State Multi- 
Object Spectrograph (OSMOS. [Martini et al.lboill : Istoll et al.lboioh on the 2.4-m Hiltner 
telescope. The OSMOS slit was oriented N/S. Although the instrument supports a 20 arcmin 
longslit, we observed the target with the CCD readout in a subframe that limited the effective 
slit length to 5 arcmin to reduce the readout time. A schematic of the slit coverage on the 
field is shown in Figure [TJ The 1.2 arcsec slits we used in the OSMOS observations are shown 
with black rectangles. The irregular galaxy has four archival SDSS spectra; the locations of 
the SDSS fiber apertures are shown with red circles. 

We processed the raw CC D data using standa rd techniques in IRAF, including cosmic 
ray rejection using L. A. Cosmic ( Ivan Dokkumll200ll ). Each source was extracted individually 
with apall, extracting a sky spectrum simultaneously. The range of extraction apertures was 
14 — 24 pixels, corresponding to 3.8 — 6.6 arcsec, or 0.8 — 1.4 kpc at the distance of UGC 5189. 
With the 1.2 arcsec slit used in our observations, the OSMOS VPH grism provides R ~ 1600 
at 5000 A. The red slit position we used provides a wavelength coverage of 3960 — 6880 A. 
Wavelength ca libra t ion w as done with Ar arclamp observations, and a spectrophotometric 
standard from lOkd (119901 ) was observed each night, with which we performed relative flux 
calibrations. 



The top panel of Figure [2] shows a spectrum of SN 2010jl obtained on Nov. 5. Taking 
advantage of the N/S slit, we extract host galaxy spectra centered ~ 7 arcsec on either side 
of the SN, corresponding to ~ 1.5 kpc at the distance of UGC 5189. In Section [3721 we use 
strong-line abundance diagnostics on these host galaxy spectra to estimate the gas-phase 



ciation of Universities for Research in Astronomy (AURA) under cooperative agreement with the National 
Science Foundation. 
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Fig. 1. — A schematic of the host galaxy of SN 2010jl. North is up and east is to the 
left. The OSMOS slit position is marked with a black rectangle 1.2 arcsec wide. The slit 
was centered on the supernova. The fiber positions of archival SDSS spectra of the galaxy 
are marked with the red circles, which have a diameter of 3 arcseconds. The background 
is constructed from SDSS g imaging. The small blue galaxy in the southwest corner of the 
image has a similar spectrum and is at the same redshift (z=0.0107). It is almost certainly 
part of the interacting system. The position of SN 2010jl is marked, as well as the emission 
regions to the north and south for which we extract OSMOS spectra. 
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oxygen abundances of the progenitor environment. 



We also present in this paper a previously unpublish ed spectrum of the luminous 
(M B « -21.2) type Ic SN 2010gx JPastorello et all bold ) obtained with the WFCCD 
imager and spectrograph on the du Pont 2.5-m telescope at Las Campanas Observatory 
using a longslit mask (slit width 1.7") and the 300 1/mm grism. We obtained 1200-sec 
spectra on three consecutive nights (UT March 22 — 24 2010), or 4 ± 2 days (rest frame) 
prior to the 5-band peak. The WFCCD data were reduced using standard tools in IRAF. 
We derived the wavelength solutions with HeNeAr arclamps obtained after each spectrum 
and did independent relative flux calibration using spectrophotometric standards observed 
each night. The final spectrum in Figure [3] is a combination of the three individual expo- 
sures, obtained in order to increase the S/N. The spectrum covers the wavelength range 
3700 — 9200 A and has a FWHM resolution of ~ 7 A. Assuming a Galactic reddening 
law with Ry = 3.1, the total V^-band extinction was estimated to be Ay = 0.27 mag us- 
ing the ratio of Ha to H/3 fluxes and correcting to the theoretical case-B recombination 
value of 2.85. The spectrum was corrected for this reddening before calculating line ra- 
tios. The continuum was subtracted locally to each emission line before measuring the 
flux; the effect of the SN contamination on the metallicity determination should be small. 
We estimate the oxyg e n abu ndance to be 12 + log(0/H) = 8.36 using the diagnostic of 
Kobulnickv fc Kewleyl ( Eooi ). which uses #23 = ([O II]A3727+[0 III]AA4959, 5007)/H/3 and 
32 = ([O IIl]A5007+[O IIl]A4959)/[0 II]A3727. These are highly sensitive to reddening, so 
th e correction is c r ucial. (In subsequent discussion we convert this metallicity to the scale 
of iPettini fc Pagell (120041 ) for uniformity.) 



3. Results and analysis 
3.1. SN 2010jl light curve 



The ASAS light curves of SN 2010jl include several pre-peak observations beginning 
25 days before discovery. We plot them in Figure H] along with the V and /-band Swope 
data. For co mparison, we plot i?-band light cur yes from the litera ture of the ultraluminous 
SN 2006gy JSmith et al.l l2007j)_a nd SN 2006tf JSmith et al- l boosh . and the luminous type 
Iln SN 1998S (IFassia et al.ll2000i ). UGC 5189 was behind the Sun and unobservable prior 
to the first ASAS observations. The color of the supernova changed from V — I ~ 0.4 mag 
at the epoch of ASAS discovery to V — I ~ 0.7 mag at the latest e pochs. The UBVRI 
photometry from Swope is consistent with a ~ 7000 K blackbody, as ISmith et al.l (l2010bl ) 
conclude from a fit to the spectrum. The no rmal range for peak luminosities of type Iln 
SNe is —18.5 < Mr < —17 (IKiewe et al.ll2010l ). The pre-discovery ASAS data constrain the 
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Fig. 2. — OSMOS spectra of SN2010jl and the emission line regions ~7 arcsec (~1.4 kpc) to 
the north and south. Negative flux values from noise have been truncated to zero. Dashed 
lines show the wavelengths of H/3 A4861, [O III] A4959, 5007, Ha A6563, [N II]A6584, and 
[S II]A6717,6731 at z = 0.0107. 
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Fig. 3. — Spectrum of the luminous SN 2010gx obtained with the du Pont 2.5-m telescope at 
the Las Campanas Observatory in March 2010, before the supernova reached maximum light. 
The spectrum has a blue continuum with broad (~ 10000 km s^ 1 ) absorption features likely 
associated with ionized oxygen, nitrogen, and carbon. Although the nature of these events 
i s still under debate, they share characteris tics that are similar to the spectra of SN Ib/c 
(IQuimby et al.l 120091 ; iPastorello et al.l l2010l ) . The dashed lines mark the wavelengths of 
narrow emission lines of [O II]A3727, H/3 A4861, [O III]A4959, 5007, and Ha A6563 detected 
from the star-forming host galaxy. Using these lines, we can estimate an oxygen abundance 
for the host of SN 2010kx o f 12 + log(0/H) = 8.36, using the strong line diagnostic of 
Kobulnicky &: Kewleyi ( 120041 ) . This corresponds to ~ 0.3 Z & , similar to the metallicity of 
the LMC. In subseque nt figures we convert this value to the scale of the N2 diagnostic of 
Pettini fc Page! j2004f ). giving 12 + log(0/H) = 8.16. 
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peak luminosity of SN 2010jl (My ~ —19.9, Mj « —20.5), placing it firmly in the class of 
luminous (peak Mr < —20) type Iln supernovae. 



3.2. Metallicity near SN 2010jl 



We use the empirical 03N2 and N2 diagnostics of IPettini fc Pagell (120041 ) and the 
theoretical and empirical N2 diagnostic of IDenicolo et al. d2002h to determine the metal- 
licity of the OSMOS-observed H II regions south and north of SN 2010jl. We choose 
these diagnos tics based on th e S/N and wav elength coverag e of ou r observations. The N2 
diagnostic of IPettini fc Pagell ( 120041 ) and of IDenicolo et al.l ( 120021 ) each depend solely on 
[N II]A6584/HaA6563. This r atio is very insensitive to reddening due to the proximity of the 
lines. The 03N2 diagnostic of IPettini fc Pagell fzooj) also depends on [O III] A5007/H/3A4861, 
another closely-spaced pair of lines. Although we do not correct these spectra for reddening, 
any reddening effect is very small compared to the scatter in each abundance diagnostic. For 
subsequent analysis in Section EH we convert metallicities of other galaxies determined using 
ot her diagnostics to t hese s cales to enable direct comparison, using the empirical conversions 
of iKewlev fc Ellison! (I2008I ). 



For the galactic H II r egions ~ 7 arcsec (~ 1.5 kpc) south and north of the SN site, using 
the IPettini fc Pagell f )ioo3 ) 03N2 diagnostic, we find 12 + log(0/H) = 8.2 ± 0.1 dex. Using 
the N2 diagnostic, we find 12 + log(0/H) = 8.2 ± 0.1 de x for the H II r e gion north of the 
SN and 8.3 ± 0.1 dex for the one to the south. Using the IDenicolo et al.l (120021 ) diagnostic, 
we find 12 + log(0/H) = 8.2 ±0.1 dex and 8.4 ±0.1 dex for the north and south regions, 
respectively. 

Our estimates of the oxygen abundance are consistent with previously published es- 
timates for UGC 5189 b ased on the SPSS sp ectrum from ~ 5 arcsec (~ 1 kpc) to the 
northeast of the SN site. iTremonti et all (boo4 report 12 ± log(0/H) = 8.15 ± 0.1 dex for 



this g alaxy, based on strong recombination and forbidden emission lines. iPilyugin &: Thuan 
( 120071 ) report 12 ± log(0/H) = 8.3 dex from the same spectrum based on direct electron 
te mperature using t he [O III]A4363 auroral line. For our analysis in Section l3~4l we convert 
the Tremonti et al. (|2004) metallicitie s, but for lack of an established empirical conversion, 



we omit the 



Pilyugin fc Thuanl ( 120071 ) metallicities. 
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Fig. 4. — Absolute magnitude light curve of SN 2010jl, plotted for comparison with other 
type Iln supernovae from the literature. The filled circles show the V and J-band light 
curves of SN 2010jl from ASAS North and Swope. For all t he other SNe we s how the R- 
band light curv es: the ultralumino us SN 2006gy (open circl es. ISmith et al.ll2007l) and 2006tf 
(open triangles. ISmith et al.ll2008f ). and the type Iln 1998S (IFassia et al.ll2000f). The n ormal 
range of peak luminosities for type Iln SNe is —18.5 < M R < —17 ( IKiewe et al.ll201Q[ ). The 
horizontal axis is the time with respect t o the earliest detection. I n the case of SN 2010jl, 
the SN was discovered on Nov 3.5, 2010 (INewton fc Puckettl 120101 ) . but the first detection 
from ASAS North is from Oct 9.6, 2010, 25 days earlier. 
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3.3. Metallicity elsewhere in the host galaxy 



There are two other SDSS spectra of the galaxy (see Figured]), including a bright point 
source in the south, a pproximately 20 kpc from the location of the supernova, marked in 
Figure Q] as SDSS 2. Ipilvuein fc Thuanl toOl\ ) report 12 + log(0/H) = 8.3 dex for this 



spectrum. The dete ction of He II A4686A indicate s that the ionizing con tinu um is hard (e.g. 



Garnett et al.lll99ll) . outside the regime where thelPettini fc Pagell ( 120041 ) and iDeni cold et al. 
( 2002 ) diagnostics are valid. Brinchmann et al. ( 20081 ) in clude this spectrum in their SDSS 



based study of nearby galaxies with Wolf-Rayet features. iTremonti et al.l (120041 ) do not fit a 
metallicity to this spectrum despite the high S/N, presumably because of the peculiar line 
ratios. 

The other SDSS spectrum is of the eastern-most clump of UGC 5189, approximately 30 
projected kpc f r om th e l ocation of the supernova ( marked in Figured] as SDSS 3). Neither 
Tremonti et al.l ( 12004] ) or iPilyugin fc Thuanl (120071 ) derive metallicities from this spectrum, 
which has lower S/N. We find 12 + log(0/H) = 8.2 ± 0.1 dex with all three line ratio 
diagnostics using the SDSS spectrum. 

Approximately 40 projected kpc from SN 2010jl is another blue galaxy at the same 
redshift (0.0106), which also has an SDSS spectrum, marked in Figure [T] as SDSS 4. The 
redshift of the spectrum from the supernova site is 0.0107; these redshifts are consistent 
within the estimated 0.0001 redshift error for this lower S/N spectrum. From the shape and 
orientation of the wildly irregular UGC 5189, it seems very likely that this neighbor is a part 
of the inte racting system. Using the SDSS spectrum, we find 12 + lo g(Q/H) = 8.2 ± 0.1 dex 



with both IPettini fc Pagell (120041 ) diagnostics and 8.3 ± 0.1 dex with iDenicolo et al.l ( 120021 ). 



UGC 51 89 appears to be a h igh- mass, metal-poor outlier from the mass-metallicity rela- 
tionship (e.g. iPeeples et al.ll2009l ). Such similar metallicity measurements from widely spaced 
locations and widely varying diagnostics provide reassurance that there are no significant 
metallicity variations in UGC 5189, and that the three metallicity measurements described 
in Sec. 13.21 from a kpc or more away from the supernova site are likely to well-describe the 
supernova progenitor region. All evidence points toward a SN 2010jl metallicity of < 0.3 Z . 



3.4. Host metallicity trends 



The low metallicity of the host of SN 2010jl is anoth er confirmation of the e merging trend 
of low- metallicity hosts of very luminous supernovae (IKozlowski et al.ll2010l ). In Figure [5] 
we show this trend for SN 2010jl (green squares) and other luminous SNe (blue pentagons; 
SN 2003ma, SN 2007bi, SN 2007va, and SN 2010gx). The oxygen abundance measurement 
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for the host of SN 2010gx was obtained from our own spectroscopic observations, which 
we present here. The luminous supernovae without detected hydrogen (SN 2010gx and 
SN 2007bi) are indicated with double pentagons. We plot three metallicity measurements 
for the the host region of SN 2010jl with green squares: two from our OSMOS spectra of the 
regions ~1 kpc north and south of the supernova and one from the SDSS s pectrum ~1 kpc 



northe ast of the supernova; th e value from strong line fi tting published by iTremonti et al. 



(120041) . We cannot convert the lPilyugin fc Thuanl ( 120071 ) measurement of 8.3 to the scale of 



the iPettini fc Pagell (120041 ) N2 diagnostic and so to maintain a strictly uniform abundance 
scale we do not plot it here. All four are consistent to within the errors, indicating that 
there is no strong metallicity variation in the area and that the strong line diagnostics are 
well-behaved and not in the poorly-calibrated regime of very hard radiation fields. For 
comparison, we al so plot contours show ing the distribution of the measured SDSS galaxy 
metallicities from ITremonti et al.l ( 120041 ) . We also plot for comparison the medians and 
ranges of nebular abundances m easured in the LMC and SMC with strong line diagnostics 
from H II flux ratios reported by iRussell fc Dopital (119901 ) and absolute B magnitudes from 
Karachentsevl (120051 ) . We stress that the actual ran ge in the LMC and SM C metallicities 
is likely lower than the range given by applying the IPettini fc Pagell ( 120041 ) N2 diagnostic 
to these H II regions; there is a fairly large scatter inherent in the diagnostic. We plot six 
low- z GRB/SN hosts (red circles) to show the similarity in metal licity trends for luminous 
SNe and GRB hosts Jchornock et al.lboiol : iLevesque et aUboiOah . 



For high-luminosity SNe which do not yet have direct host metallicity measurements, we 
plot arrows at the host absolute magnitudes or at the upper limit the host absolute magnitude 
(from left to right: SN 2005ap, SN 2006tf, SN 2008fz, SN 2005gj, PTF lOhgi, SN 2008es, 
PTF lOheh, PTF 09cnd, SCP06F6, PTF lOvqv, SN 20 09ih, SN 1999as PTF 09atu, and 
SN 2006gy). By comparing the distribution of these to the ITremonti et al.l ( 20041) contours, it 
is clear that the host galaxies of these luminous SNe are in fainter galaxies. iNeill et al.l (120101 ) 
have also shown that the host galaxies of the most luminous SNe are the faintest, bluest 
galaxies. These hosts for which the metallicity have not yet been determined themselves 
provide support for the low-metallicity trend a mong luminous SNe h osts, because the faintest 



galaxies tend to be the most metal-poor (e.g. ITremonti et al.l 120041 ) 



These metallicity determinations were made with a number of differe nt diagnostics, and 
so we have converted all to a single scale using the empirical conversions of iKewley fc Ellison 
( 120081 ). To emphasize that the low-metallicity trend is not an artifact of the particular com- 
m on scale we choose, we p lot the same thing on tw o different scales, that of t he N2 diagnostic 
of 



Pettini & Pagell (120041 ) in Figure Eland that of iDenicolo et al.l (120021 ) and 



Tremonti et al. 



20041) in Figure [6j These were chosen to a void a gap in the range where the IKewley fc Ellison 
( 120081 ) conversions from ITremonti et al.l ( 120041 ) are valid. Slightly under 2% of the galax- 
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Fig. 5. — Host galaxy metallicities and absolute magnitudes are plotted for luminous SNe 
(blue pentagons) including SN 2010jl (green squares). The luminous supernovae without 
detected hydrogen (SN 2010gx and SN 2007bi) are indicated with double pentagons. Th e 
contours show the distribution of SDSS galactic metallicities from iTremonti et al.l ( 12004 ). 
For comparison we plot the host galaxies of low-redshift long GRBs (red points) showing 
that both they and the luminous SNe hosts appear pri marily in the low-metalli city tail of 



the galaxy distribution. We calculate abundances of the (IRussell fc Dopita 



199 01) sample of 



H II r egions for the LMC and SMC calculated with the N2 diagnostic of iPettini fc Page! 
( 120041 ) and plot ranges and medians with cyan stars. (We stress that the actual ranges 
in the LMC and SMC metallicities are likely lower than the ranges given by applying the 



Pettini fc Pagell ( 12004 ) N2 diagnostic to these H II regions; there is a fairly large scatter 



inherent in the diagnostic.) Host galaxies of luminous SNe that have no measurements yet 
of host metallicity are indicated with arrows at their absolute B magnitude. The right vertical 
axis shows the corresponding sc ale of oxygen abundance in terms of the Solar value from 



Delahaye fc Pinsonneaultl (120061) . All metal l icity measurements have bee n converted to the 



scale o f the N2 diagnostic of lPettini fc Pagell (120041 ) using the conversions of iKewley fc Ellison 
f |2008h . 
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ies plotted have 



Tremonti et all (j2004t ) metallicities outside the 8.05-9.2 span where the 



Kewley &: Ellisonl ( 120081 ) conversions are valid (mostly > 9.2), and these are excluded from 
the contour plot; the f lat contour at the t op of each plot is due to this exclusion. In Figure El 
we approximated the iKewlev fc Dopita J2002I) me tallicity of GRB020903 as 8.1 instead of 
8.07 ±0.1 in order for the lKewley fc Elliso n (200 81) convers i on to be v alid, and averaged the 
converted metallicities from the N2 scale of lPettini fc Pagell (120041 ) and lDenicolo et all (120021 ) 
for the LMC, the SMC, and the north and south galaxy regions of the host of SN 2010jl 
observed by OSMOS. On each of these three scales, the low-metallicity trend is clear. 



Prieto et all (120081 ) found that SN Ib/c occur more frequently in higher-metallicity 
galaxies compared to SN II and SN la. The highly luminous SNe we show in Figure [5] 
appear to show a larger bias towards low-metallicity hosts than normal SN Ib/c. For com- 
parison, in Figure [7] we plot host metallicities for type II and type Ib/c SNe that have hosts 
that have SDSS spectra and are in the redshift range 0.04 > z > 0.01. We caution that 
these SNe are from many different surveys, each of which has its own selection biases. On 
the left, the galactic metallicities are provided as observed, in the central three arcseconds 
of the galaxy. On the right, they have been approximately corrected to the position of the 
supernova for the expected metallicity gradient often observed in similar galaxies. We use an 
empirical formula for the metallicity gradient in dex/kpc as a funct ion of absolute B magni- 



tude o f the host galaxy that is derived from the data published in iMoustakas &: Kennicutt 
(120061 ). We assume that dwarf galaxies with Mb > —18 mag are chemically homogeneous 



and we assume no correction to the metallicity for supernovae within the 1.5" radius of the 
SDSS fiber. 

To roughly quantify the difference, we performed KS tests and found that for the naive 
(and likely incorrect) assumption of uniform selection, the probability of the luminous SNe 
and the type II or type Ib/c SNe progenitor regions being drawn from the same distribution in 
metallicity ranges from 3.9 x 10~ 4 to 5.6 x 10~ 5 . Given the very different selection functions of 
these samples, though, this is in no way statistically rigorous, and should merely be taken as 
thought-provoking. Som e related resul t s hav e been recently shown to hold for homogeneous 
and untargeted samples; lArcavi et all (120101 ) show that there is a significant excess of SNe 
lib in dwarf hosts, and that while normal SNe Ic dominate in giant galaxies, all type I 
core-collapse events in dwarf galaxies are type lb or broad-lined type Ic. 



4. Discussion 



The metallicity of the hosts of SN 2010jl and SN 2010gx support and strengthen the 
emerging trend that luminous supernovae occur preferentially in metal-poor hosts. This 
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Table 1. Optical photometry of SN 2010jl 



HJD 


U 


(7 


B 


17 


V 


<j 


R 


a 


I 


(7 


Telescope / 


-2450000 


(mag) 




(mag) 




(mag) 




(mag) 




(mag) 




Instrument 


5479.14 










13.79 


0.10 










ASAS 


5484.13 










13.73 


0.10 






13.28 


0.10 


ASAS 


5488.12 










13.67 


0.10 






13.09 


0.10 


ASAS 


5493.14 










13.73 


0.10 










ASAS 


5494.12 


















13.00 


0.10 


ASAS 


5504.10 










13.78 


0.10 






13.10 


0.10 


ASAS 


5509.10 










13.86 


0.10 










ASAS 


5509.13 


















13.18 


0.10 


ASAS 


5515.75 


13.83 


0.05 


14.24 


0.05 


13.46 


0.05 


13.85 


0.05 


13.19 


0.05 


Swope 


5516.75 


13.83 


0.05 


14.26 


0.05 


13.45 


0.05 


13.87 


0.05 






Swope 


5517.13 


















13.28 


0.10 


ASAS 


5517.75 


13.86 


0.05 


14.26 


0.05 






13.87 


0.05 


13.20 


0.05 


Swope 



8.5 




ttt .tl. .t.ttlt. 



9.5 



z/z B 



0. 1 



-16 



-18 
Host M R 



-20 
(mag) 



-22 




z/z s 



-16 -18 -20 

Host M B (mag) 



Fig. 6.— Same as Figur e El e xcept (left) with all metallicities on or converted to the 
scale of the iDenicolo et al.l (120021) strong-line di a gnost ic, or (right) with all metallicities on 
or converted to the scale of the iTremonti et al.l (120041 ) diagnostic. We emphasize that the 
low-metallicity trend is not an artifact of which metallicity scale one prefers. 
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Mb (mag) M B (mag) 



Fig. 7. — Type II an d type Ib/c SNe that have hosts with SDSS spectra and metallicities 
(ITremonti et al.l 12004 ) are plotted in the same way as Fig. [5j On the left, the galactic 
metallicities have been approximately corrected for metallicity gradients to the position 
of the SN. On the right, no such correction has be en made. As in previ ous figures, all 
metallicities have been corrected to the s c ale of the iPettini &: Pagell (120041 ) N2 diagnostic 
using the conversions of iKewley fc Ellison! ( 120081 ). The hosts of the overluminous SNe from 
Fig [5] have been plotted here again for reference. 
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result suggests that luminous SNe have low-metallicity progenitors. It is an interesting 
parallel to the similar trend observed for the hosts of long GRBs. The trend is not an 
artifact of which metallicity diagnostic is chosen for the host galaxies. 

The relative iron abundance of these metal-poor hosts is expected to be even lower than 
suggested by the oxygen abundance that we use as a proxy for metallicity. At low metal- 
licity, a-elements like oxygen are enhanced relative to iron, compared to the solar mixture. 
In the galactic disk and halo, at [Fe/H] > —1, [O/Fe] is approximately inversely propor- 
tional to [Fe/H], while below [Fe/H] = —1, the relationship fla t tens o ut at a constant (an d 



lower) relative iron abundance (e.g iTinsleyl Il979l ; iMc William! 119971 ; I Johnson et all 120071 ). 



The iron abundance is more fundamentally important for the late-stage evolution of mas- 
sive stars because iron provides much of the o pacity for radiation-driven stellar winds (e.g. 
Pauldrach et al.lll986t IVink fc de Koterll2005l ). By using oxygen abundance as a metallic- 
ity tracer, we are in fact underestimating the magnitude of the effect of low-metallicity on 
mass-loss. If there is a threshold in iron abundance for certain types of luminous SNe, the 
observed effect in oxygen abundance will be less pronounced. The substantial preference we 
see for these SNe to occur in hosts with low nebular abundance of oxygen points to a more 
stringent constraint in iron abundance. 

Nebular oxygen abundances determined by electron temperatu re methods appear to 
track the stellar abundances of massive young stars very closely, as iBresolin et all (120091 ) 
demonstrate by comparing the gas-phase metallicity gradient from H II regions to the gra- 
dient in stellar abundances in NGC 300, so the gas-phase oxygen abundances we discuss 
should well characterize the stellar abundances of the massive young progenitors of these 
supernovae. 

A number of observational results for normal SN Ib/c and SN II support a change 
i n the ir number ratios as a function of metallicity. In an early study, iPrantzos fc Boissier 
(120031 ) used the absolute magnitudes of supernova host galaxies as a proxy for their average 
metallicities from the luminosity-metallicity relatio nship, and found th at the number ratio of 
normal SN Ib/c to SN II increases with metallicity. iPrieto et all (120081 ) took advantage of the 
large sample of well-observed and typed supernovae in the literature with star-forming host 
galaxies that have high S/N spectra obtained by the Sloan Digital Sky Survey (SDSS). They 
found strong evidence that normal SN Ib/c, dominated in rates by SN Ic, o ccur more fre 



quent ly in higher-metallicity galaxies compared to SN II and SN la. Recently, iModjaz et al. 



(120101 ) found that the l ocal metallicity of the hosts of SN Ic is on average higher than for 
hosts of SN lb (but see Anderson et al.1 120101 ) . All these results are consistent with state- 
of-th e-art stellar evolution models of massive stars with rotation, either single or in binaries 
(e.g. 



Eldridge et al.ll2008l : iGeorgy et al.ll2009l l2010f ). 
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Studies of local and cosmological long-duration GRBs find that their host galaxies have 
low metallicity compared to the general population of star-forming galaxies and other CC- 
SNe. These results help put constraints on progenitor models and the physics of produc- 
tion of the GRB jet, and they have fun damental implicati on s for the use of GRB s as star- 
formation tracers at high redshift (e.g. iKistler et al.l 120091 ) . iFruchter et all ( 120061 ) initially 
pointed out that the host environments of cosmological GRBs were differe nt from CCSNe, 



with G RBs being ho s ted by strongly star-forming dwarf galaxies (see also iLe Floc'h et al. 



20031 ). IStanek et al.l (120061 ) compared direct host metallicity measurements of five local 



GRBs with those of star-forming galaxies in SDSS, and found that long GRBs prefer low- 
met allicity_eiryjTOmi^ts ; _rhis result has recently b een confirmed using a larger sample of 
events (ILevesque et al.ll2010bl ). iModjaz et al.l (120081 ) used direct host galaxy metallicity es- 
timates to study nearby broad-lined SN Ic. They find that the metallicities of hosts of SN Ic 
without GRB are higher than the metallicities of hosts of SN Ic associated with GRBs. 



4.1. Luminous supernovae 



One of the most surprising results of the new transient surveys that are monitoring 
many square degrees of the sky every few nights has been the discovery of very luminous 
supernovae in the nearby Universe that are ~ 10 times more luminous than normal core- 
collapse supernovae and can release ~ 10 51 ergs in UV-optical light. 



The first even ts of this kind were SN 2005ap (jOuimby et al.l 120071 ) and SN 2006gy 
( jSmith et al.l 120071 ). discovered by TSS. Their light curves, spectral properties, and environ- 
ments are remarkably different, although they both share extreme energetics compared to 
normal CCSNe. SN 2005ap was discovered in a low-luminosity galaxy at z = 0.28. It showed 
a relatively fast evolution in its light curve, but with an extreme peak absolute magnitude 
of —23 mag never before seen in a supernova. The spectra had very broad features that 
were mainly associated with CNO events. The absence of hydrogen in t he sp ectrum, the 
features at high velocity, and the extreme energetics led lOuimby et al.l (120071 ) to propose 
that SN 2005ap could be associated with long GRBs, which connected this event with a 
high-mass progenitor star. 

SN 2006gy was discovered close to the center of a nearby (z = 0.02) SO galaxy with recent 
star formation. Its spectrum and light curve were similar to type Iln SNe, but they were 
much more extreme, with a peak absolute magnitude of —22 and clear signs of interaction 
between the super nova ejecta and a massive, hydrogen-rich circumstellar shell. This led 
Smith et al.l (120071 ) to propose that the progenitor of SN 2006gy had been a very massive star 
(initial mass > 100 M ) similar to the well-studied galactic Luminous Blue Variable (LBV) 
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77-Carinae. The explos ion mechanism of SN 2006gy might be explained by the pulsational 
pair- instability model ( jWoosley et al.l 120071 ). 



van Marie et al.l ( 120101 ) explore possible models for luminous type Iln SNe, and find 



within the paramete r space that the y explore that sustained high luminosity requires massive 
circumstellar shells. iMetzgerl ( 120101 ) consider interaction with a relic protostellar disk, finding 
that when the disk is massive and compact and the cooling time is long compared to the 
expansion timescale, more of the energy is radiated in the optica l , whi ch they suggest is 
a possible explanation of luminous type Iln events. iMurase et al.l ( 120101 ) explore potential 
consequences of such interactions with circumstellar shells for the production of gamma rays 
and neutrinos. 

If LBV-like stars are the progenitors of these extremely luminous supernovae, that 
does not constrain them to live in high- m etalli city environments ; LB Vs have been id entified 
in galaxies with 12 + log(0/H) < 8.0 rtlzotov fc Thuanl I2OO9I : Iflerrero et aP boioh. The 



progenitor of the luminous type Iln SN 2010jl is constrained by ISmith et al. 



(I2010bh be 



a massive LBV, a less massive object temporarily experiencing an LBV-like eruption in a 
precursor explosion, or a member of a compact, massive cluster with turnoff mass > 30 M Q . 
The progenitors of two less luminous type Iln events have been identified. One of these, 
SN 2005gl, occurred in a region with gas-phase metallicity of 12 + logfO/H) = 9 .1 ± 0.3, 



and its progenitor was identified as an LBV with My = —10.3 (IGal-Yam &: Leonard 



2009). 



2010 



The other, SN 196 1V, a low-metallicity, normal-luminosity type Iln ( IKochanek et al 
Smith et al.l l2010a[ ). had a progenitor with M Z ams > 8OM , w hich must have been g reater 
than ~ 30 M Q at the time of explosion to retain any hydrogen ( IKochanek et al.ll2010l ). 



Since the discovery of SN 2005ap and SN 2006gy, there have been several very ener- 
getic supernovae (peak M R < —20) discovered by different surveys out to redshift z ~ 1. We 
present a list in Table [2J we include whether each event is classified as type I (without hydro- 
gen) or type II (with hydrogen). Many host absolute B magnitudes are converted and errors 
might be ~ 0.2 mag or larger. The new discoveries include objects with a variety of prop- 
erties. Some ev ents are similar to S N 2005ap, inc luding SCP06F6, PTF Q9cnd, PTF 09atu 
and SN 2009ih (fouimbv et al.ll2009h, SN 2010 gx (TMahabal et al.lboioi lo~uimbv et al.l boiOb 



Mahabal fc Drakelbo 



(Quimbv et al. 



(Al dering et al. 



2009: 



200' 



Gezari et al. 







Pastorello etaDhoioh . PTF lOhgi (buimbv et al.lboiOch . and PTF lOvqv 



2010dl). and to SN 2006g v. including SN 2003ma (Rest et al.ll2009h . SN 2005gj 



(ilPrieto et al.ll2007l). SN 2006tf (ISmith et al.ll2008h . SN 20 08es dMiller et al. 
2009|), SN 2008fz (IDrake et al. l boioh . and PTF lOheh (fouimbv et al" 



2010a|). Others are more similar to broad-lined SN Ic in spectroscopic proper ties, but with 



extreme luminosity, such as SN 1999as and SN 2007bi ( IGal-Yam et al. 



20091 ). We also in- 



clude a unique event, SN 2007va, that was completely enshrouded in its own circumstellar 



-20 - 



dust and only observable at mi d-infrared wavelengths ; its infrared luminosity indicated high 
reprocessed optical luminosity ( IKozlowski et al.ll2010l ). The most recent example (and near- 
est, at z — 0.011) is the type Iln SN 2010jl, the main subject of this paper. The variety 
of observed properties in these luminous CCSNe likely represents different explosion mech- 
anisms (e.g. normal collapse of the core vs. pair instability vs. pulsational pair- instability), 
different mechanisms that power the energetics of the light curves (e.g. circumstellar in- 
teraction vs. radioactive decay vs. magnetar spindown), and different progenitor mass- loss 
histories and masses (e.g. LBV vs. Wolf-Rayet stars vs. red supergiants). 



4.2. Metallicity diagnostics 



The forbidden and recombination lines in the optical spectra of star-forming galaxies 
provide the observables needed to estimate chemical abundances, star-formation rates, and 
other physical properties of the H II regions, like electron temperature and density. These 
emission lines are produced by collisional excitation and recombination processes in gaseous 
nebulae where massive (> 20 M Q ) stars form, thanks to the interactions of the ionizing UV 



photons provided by the stars and the surrounding gas (e.g. lOsterbrock fc Ferlandll2006l ) 



There is a vast literature on a number of techniques that have been developed over the 
last three decades to estimate the oxygen abundances and physical conditions of H II regions 
in star-forming galaxies (e.g. iKewley fc Ellison! 12008k and references therein). The methods 
can be divided into four different categories: direct (uses an estimate of the electron temper- 
ature measured from the faint [O III]A4363A auro ral line), empirical (e.g. IPettini fc Pagel 
2004 ). theore tical fe.g. iKobulnickv fc KewlevH2004T) . and a combination of empirical and the- 



oretical (e.g. iDenicolo et al.l 120021 ) . All these methods are based on high S/N measurements 



of the line ratios of different combinations of emission lines from ions present in the optical 
region of the spectrum (~ 3700 - 6700A): [O II], [O III], [N II], [S II], Ha, and H/3. 

Each method has relative advantages an d shortcomings that have been investi gated 



in a number of studies in the literature (e.g. lYin et al.l l2007t iMoustakas et al.ll2010l ). and 
there are known discrepancies of as much as ~ 0.6 dex between different estimates of the 
oxygen abundances. For example, the estimate d oxygen abundance of the host galaxy of 
the luminous SN 2007va (IKozlowski et al.l 120101 ) obtained from the direct electron temper- 
ature method is 0.3 dex lower than the value obtained from the theoretic al calibration of 
= ([O Il]A3727+[0 III] AA4959, 5007) /H^ fcobulnickv fc Kewlevl l20~0~l ) . iBresolin et aL 



( 120091 ) demonstrate the offsets between the various techniques for their determination of the 
metallicity gradient in NGC 300. The abundances estimated with one diagnostic, the N2 di- 
agnostic of IPettini &: Pagell ( 120041 ) . essentially track the stellar and (T e ) nebular abundances 
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Table 2. List of luminous CCSNe collected from the literature 



SN Name RA 


Dec 


SN Spectral Rcdshift M s (host) 


Host Metallicity? 


(J2000.0) 


(J2000.0) 


Type (mag) 


(12+log[0/H], PP04N2) 



SN 1995av 


02: 


01: 


36 


.7 


03:38:55 


Iln 


0.3 






No 


SN 1997cy 


04: 


32: 


■54. 


.8 


-61:42:57 


Iln 


0.063 




-17.8 


No 


SN 1999as 


09: 


16: 


30. 


.8 


4-13:39:02 


Ic 


0.13 




-18.4 


No 


SN 1999bd 


09: 


'30: 


29 


2 


4-16:26:08 


Iln 


0.151 




-18.4 


No 


SN 2000ei 


04: 


17: 


07 


.2 


4-05:45:53 


Iln 


0.600 


> 


-19.3 


No 


SN 2003ma 


05: 


31: 


01 


9 


-70:04:16 


Iln 


0.29 




-19.9 


8.45 


SN 2005ap 


13: 


01: 


:14. 


.8 


4-27:43:31 


Ic? 


0.28 




-16.1 


No 


SN 2005gj 


03: 


01: 


12 





4-00:33:14 


Ia/IIn 


0.06 




16.7 


No 


SCP06F6 


14: 


32: 


27. 


.4 


4-33:32:25 


Ic? 


1.19 


> 


-18.1 


No 


SN 2006gy 


03: 


17: 


27 





4-41:24:20 


Iln 


0.02 




-20.3 


No 


SN 2006tf 


11 


56: 


:49 


1 


4-54:27:26 


Iln 


0.07 




-16.2 


No 


SN 2007bi 


13: 


19: 


■20. 


2 


4-08:55:44 


Ic 


0.13 




-16.3 


8.18 


SN 2007va 


14: 


26: 


■23 


2 


4-35:35:29 


Iln? 


0.19 




-16.2 


8.19 


SN 2008am 


12: 


28: 


36 


.2 


4-15:34:49 


Iln 


0.234 




-19.6 


No 


SN 2008es 


12: 


:46: 


15 


.8 


4-11:25:56 


ILL 


0.21 


> 


-17.1 


No 


SN 2008fz 


23: 


•16: 


16 


6 


4-11:42:48 


Iln 


0.13 


> 


-16.6 


No 


PTF 09atu 


16: 


30: 


24 


6 


4-23:38:25 


Ic? 


0.50 


> 


-19.8 


No 


PTF 09cnd 


16: 


12: 


.08. 


.9 


4-51:29:16 


Ic? 


0.26 


> 


-18.1 


No 


SN 2009jh 


14: 


:49: 


10 


1 


4-29:25:11 


Ic? 


0.35 


> 


-18.3 


No 


SN 2010gx 


11: 


25: 


46 


.7 


-08:49:41 


Ic? 


0.23 




-17.2 


8.16 


PTF lOheh 


12: 


48: 


:52 





4-13:26:24.5 


Iln 


0.34 




-18.0 


No 


PTF lOhgi 


16: 


37: 


47. 





4-06:12:32.3 


Ic? 


0.10 


> 


-17.0 


No 


PTF lOvqv 


03: 


03: 


06 


.8 


-01:32:34.9 


Ic? 


0.45 




-18.2 


No 


SN 2010jl 


09: 


42: 


53. 


3 


4-09:29:41.8 


Iln 


0.01 




-19.3 


8.19 
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they measure, albeit with rather more scatter. Because the effective zero points and scales 
vary somewhat, regardless of which method is used, it is important to use (or convert to) 
just one. 

With the S/N and wavelength coverage of our obser yations, we content ou rselves in 
this paper with the empirical 03N2 and N2 diagnostics of iPettini fc Pagell (120041 ) and the 
theoretical an d empirical N2 di a gnost ic of iDenicolo et al.l (120021 ) . We use the empirical 
conversions of iKewley fc Ellison! ( 120081 ) to convert metallicities determined on other scales 
to these for the purpose of direct comparison. 



5. Conclusions 



Recent observations of the environments of supernovae and GRBs show that metallicity 
is a key parameter in the lives and deaths of massive stars. Our finding that the hosts of 
luminous SNe lie in the low-metallicity extremes of the distribution of star-forming galaxies 
supports this emerging picture. Verifying and constraining this emerging relationship with 
metallicity may be an important probe of the mechanisms of the most luminous supernovae, 
and this trend may be an important factor in various aspects of the evolution of the metal- 
poor early universe. 
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